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Abstract—The increasing electric power consumption and
the high penetration level of distributed energy resources
(DER) are expected to result in higher loading of Flemish LV
distribution grids. A move towards active network management
strategies will guarantee the coordinated DER utilization,
allowing considerable enhancement of the total connectable
distributed generation (DG) and load capacity. The paper
describes technical benefits of distribution transformers with
on-load tap-changer (OLTC) implemented in a Flemish LV
distribution grid. From the assessment, it was concluded that
the OLTC partly eliminates the violations of both voltage
statutory limits and thermal constraints, however, voltage
unbalances can increase due to the independent tap-changing
control per phase.
Index Terms—on-load tap-changer, thermal constraints,
power quality, voltage unbalance.
I. INTRODUCTION
Recently, two trends have led to higher loading of LV
distribution networks. These include increased electric power
consumption and distributed energy resources (DER) inte-
gration. Although modern devices, such as refrigerators,
lighting and washing machines are increasingly efficient
consuming less energy, the number of IT and other domestic
electric appliances is growing. The increased power require-
ments demand higher currents causing higher voltage drops
along the series impedance of both transformer and lines.
On the other hand, a number of combined influences such
as the liberalization of energy markets and growing environ-
mental concerns result in high DER diffusion in LV distribu-
tion grids. However, the envisaged, widespread penetration
of distributed generation (DG) in distribution networks is
expected to result in a variety of well-documented technical
impacts relating to power quality, potential equipment over-
loads and distribution system efficiency [1], [2]. As for the
power quality, voltage rise effects have been reported as the
foremost concern against the increased DG integration [3],
[4]. At present, voltage regulation in Flemish LV distribution
networks is not performed automatically, but through the
use of manual, off-load tap changers. Typically, the tap
positions are calibrated and changed only in case of network
extension or modification. Furthermore, the installation of
additional, parallel running cables or the replacement of
the existing cables by new cables with higher cross section
is electro-technically considered a straightforward solution
[5]. In spite of further advantages, such as maintenance
absence, long durability and protective devices simplicity,
high investment costs demotivate their application. Apart
from high underground engineering costs, the public acce-
ptance of construction sites on streets and sidewalks is not
particularly high. A further alternative is the reduction of
cable lengths. However, the main drawback of this method is
the high number of substations, leading to higher costs and
increased complexity. The meshed multi-directional power
flows caused by the progressive DG integration and electric
power consumption will induce numerous barriers in daily
voltage trend forecasts so that the validity of the traditional
local control practices will become inherently inadequate.
Notwithstanding this, a required move towards active
network management (ANM) strategies and technologies
is expected to significantly enhance the total connectable
DG and load capacity. Even though the majority of ANM
research has been done at the MV level, several emerging
technologies have been investigated for the LV level with-
out massive actual implementation [6], [7]. One of these
methods is the application of OLTC at MV/LV distribution
transformers. Although OLTC can offer various benefits, it
has not yet been incorporated in LV networks by reason of
its cost, perceived complexity and state of development.
The main purpose of this paper is to analyze the technical
aspects of OLTC, assessing the degree to which its imple-
mentation can improve the grid power quality and efficiency
in the most effective manner. The proposed OLTC voltage
control strategy is analyzed in section II. Several technical
impacts caused by anticipated high penetrations of DER and
modern electric appliances is the topic tackled in section III.
The thermal models of the distribution transformer and
the underground cables are considered as well. Finally,
the simulation assumptions and the assessment results are
presented in section IV.
II. DISTRIBUTION TRANSFORMER WITH OLTC
Until recently, the application of OLTC was conventially
limited to HV/HV or HV/MV transformers, while the small,
low-cost distribution transformers did not warrant the ex-
pense and complexity of OLTC and were thus normally
provided with off-circuit taps. This arrangement enabled the
tap positions to be adjusted to suit the network conditions,
usually when the transformer was initially placed into ser-
vice. However, the facility enabled adjustments to be made
subsequently, when possible changes to the network loading
have necessitated this. [8].
The traditional OLTC control system measures the voltage
and load current, estimates the voltage at a remote point and
triggers the tap-changer when the estimated voltage is out of
Fig. 1. Traditional line drop compensation control of AVR
bounds. Fig. 1 shows the traditional line drop compensation
(LDC) control strategy of the active voltage regulator (AVR).
This method feeds back the voltage at the secondary side
of the transformer, using the secondary side transformer
current, to estimate the voltage drop between the transformer
and the load at the end of the feeder [9]. The compensation
function Vcom for the voltage control of bus 4 is shown
in (1).
Vcom = Vbus1−Z1I2−(Z1+Z2)I3−(Z1+Z2+Z3)I4 (1)
Vbus1 can be locally measured on the transformer secondary
side, while the load bus currents I2,I3,I4 and the line
impedances Z1,Z2,Z3 can be estimated. However, high DG
penetration and gradual load modification will increase the
difficulty of current prediction leading to possible failures
of the above described method. In accordance to the vo-
ltage control method, different control strategies have been
reported in the literature for the AVR [10]–[12]. Though the
conventional voltage control represents the most straightfor-
ward method maintaining the transformer low voltage at a
certain level, possible power quality violations of the nodes
at the end of a feeder reduce its reliability [10]. Using
conventional OLTC control could save investment and ope-
rational costs for additional information and communication
technologies (ICT), but may have other technical drawbacks
like unintended tap settings due to misinterpretations of non-
measured values.
Instead of maintaining the substation secondary voltage in
a preset tolerance band, the applied control strategy utilizes
remote voltage measurement values from all the points of
common coupling (PCC’s). The proposed OLTC control
algorithm of AVR is applied to each phase individually. One
unit calculates the minimum Umin and the maximum Umax
value of the n PCCs voltage magnitudes U1,U2,...,Un over
a period of time. A tap changer event is triggered, if one of
the following conditions becomes true:
∆tap =

+1, if (Umin < UL) ∪ (Umax < UH)
−1, if (Umin > UL) ∪ (Umax > UH)
−1, if (Umin < UL) ∪ (Umax > UH)
∪ (∆Umax −∆Umin > Ustep)
+1, if (Umin < UL) ∪ (Umax > UH)
∪ (∆Umin −∆Umax > Ustep)
(2)
where:
∆Umax = Umax − UH
∆Umin = UL − Umin
UL minimum allowable voltage
UH maximum allowable voltage
Ustep step voltage per tap-change
tap position of the tap-changer
The range of the transformer ratio in percent above and
below, respectively, and the number of the steps depend on
the design of the transformer and the OLTC. The voltage
between the taps is the step voltage, and it normally lies be-
tween 0.8% and 2.5% of the rated voltage of the transformer
[13]. In addition, the width of the steps cannot be arbitrarily
large as the change of the tap would be too noticeable to the
customers.
When the minimum and maximum grid voltage exceed
the statutory limits simultaneously, both voltage deviations
cannot always be alleviated. The tap-changer event is not
triggered when the difference between the marginal voltage
deviations is lower than the step voltage. Otherwise, any
possible tap-change might mitigate the higher voltage devia-
tions aggravating the lower ones.
Finally, a time setting delay of 5 sec is used for the tap-
changing time. This time interval depends on the OLTC
architecture and normally is the shortest in solid-state and
longest in mechanical OLTC’s [14]. In this work, the selec-
tion of this value has been made considering a mechanical
architecture. The AVR retrieves the voltage measurement
data from the remote units every 2 s according to the
integration time constant of the simulation. The tap-changer
range, the additional voltage step per tap and the number
of tap-change steps are determined by the minimum and
maximum voltages of the one year load flow calculations.
III. TECHNICAL IMPACTS ON LV DISTRIBUTION GRIDS
Various technical constraints that determine the response
of Flemish LV networks are reported in [15]. In this sec-
tion, the following three are described: (i) customer voltage
rise/drop; (ii) voltage unbalance; and (iii) cable and trans-
former thermal limits. Regarding the thermal constraints, the
thermal models of an oil-immersed distribution transformer
and an underground distribution cable are analyzed.
A. Customer voltage rise/drop
In Belgium, DSO’s have the obligation to supply their cus-
tomers at a steady-state voltage within the specified limits of
230 V +10%/-10% for LV distribution networks. According
to the standard EN-50160 [16], ”Voltage characteristics of
electricity supplied by public electricity networks,” the 10
minutes mean r.m.s voltage shall not exceed the statutory
limits (253 V; 207 V), during 95% of the week. In addition,
all 10 minutes mean r.m.s voltages shall be within the range
of the 230+10% and 230-15% (253 V; 195,5 V).
As for unbalanced four-wire LV distribution networks, the
voltage rise due to return flowing in the neutral conductor
needs to be considered in addition to voltage changes due to
phase currents [17]. Customer voltage rise is likely to be of
concern in radial networks, which are commonly constructed
with feeders covering long distances with relatively low
current capacity conductors. In such networks, excessive
voltage rise can even be initiated by small DER penetrations
TABLE I
SUGGESTED LIMITS FOR LOADING ABOVE NAMEPLATE RATING FOR
DISTRIBUTION TRANSFORMERS [19]
Top-oil temperature 120 ◦C
Hottest-spot conductor temperature 200 ◦C
Short-time loading (1/2 h or less) 300%
Average loss of life per day in any emergency operation 4%
due to high impedance of the long conductors. Moreover,
these feeders are often operated close to the statutory upper
voltage limit to counter the large voltage drop over the
distribution lines.
B. Voltage unbalance
Voltage unbalance in three-phase distribution systems is
a condition in which the three-phase voltages differ in
amplitude or are displaced from their normal 120◦ phase re-
lationship or both [3]. In European LV distribution networks,
small-scale embedded generators (SSEGs) with maximum
capacity equal or less than 5 kVA are normally single-
phase generation units and are installed disproportionately
on a single-phase along with the fact that their growth is
consumer-driven and not centrally planned. Additionally, the
level of unbalance in LV distribution grids depends on phase-
conductor configurations, such as unsymmetrical spacing
between phase conductors [18].
The percentage voltage unbalance factor (VUF) is used
to define the acceptable level of unbalance and is calculated
by (3).
V UF (%) =
V2
V1
× 100% (3)
The negative V2 and the positive V1 sequence components
of every node are computed by (4). V0V1
V2
 = 1
3
 1 1 11 a a2
1 a2 a
 VaVb
Vc
 (4)
a = 16 120◦
where:
V0, V1, V2 zero, positive and negative sequence voltage
components,V
Va, Vb, Vc phase-neutral voltages,V
Under normal operating conditions, the measured VUF at
any node must remain below 2% during each period of one
week for at least 95% of the week [16].
C. Thermal constraints
Transformer and distribution network lines have a ther-
mal rating determined by the maximum current carrying
capacity of that component. If a component is loaded above
its thermal rating for an extended period of time, it will
overheat, leading possibly to permanent damage, or even to
a dangerous event, such as fire or explosion [3].
Fig. 2. Reactance type OLTC
1) Transformer thermal limits: Secondary transformers
are referred to in terms of operating voltage and nominal
kVA rating. Their kVA rating indicates the amount of appar-
ent power that can be transferred between their two sets of
terminals. At low demand and high SSEGs penetration sce-
narios, the power generation may exceed local demand. This
would cause the surplus power to be fed into MV systems
through distribution transformers, which in extreme cases
might exceed nominal ratings. Until recently, distribution
transformers were fitted with off-load tap changers, therefore
this rating was symmetrical and did not vary with the power
flow direction. However, reverse power flows may present a
more significant problem for transformers fitted with OLTCs.
The OLTC mechanism can impose an asymmetrical power
flow limit, causing great rating reduction when power flows
in the reverse direction [20].
Following the computation method of loading capabili-
ty given in Standard C57.91-1995 [19], ”IEEE Guide for
Loading Mineral-Oil-Immersed Transformers,” the maxi-
mum peak load that can be impressed on an oil-immersed
transformer per timestep is calculated. First, the mean va-
lues of the winding hottest-spot temperature, the top-oil
temperature and the equivalent aging of the transformer
are computed daily step-by-step for all 10-minutes time
intervals. Next, the equivalent aging factor and the loss of
life percentage are calculated for each day of the year. A
comparison is made between the calculated and the limiting
values shown in Table I. Violations to any of these limitations
lead to maximum loading capacity exceedance.
As for the OLTC, its type plays the main role in the
limitation of loading capacity. According to [21], unlike
single resistor type, reactor and double resistor type tap-
changers do not limit the reverse power flow capacity.
Making the assumption that the investigated transformer is
fitted with reactor type OLTC, the inverse and reverse power
flow capacities are considered to be equal for this work. As
displayed in Fig. 2, the most onerous switching regime for
the tap-changer is the transition from tap position T to T-2
due to the additional circulating current Icirc which is equal
to VT /X . C57.131, ”IEEE Standard Requirements for Tap
Changers”, shows that in this regime, current (1/2IL+Icirc)
is switched under recovery voltage (VT + 1/2jXIL), where
IL is the load current and X is the reactance of the preventive
autotransformer [22]. Considering that the maximum loading
capability is limited by constraints on permissible switched
Fig. 3. Investigated sector-shaped conductor cable consists of the following
layers: (a) filler of asphalted jute , (b) copper conductor, (c) paper insulation,
(d) lead sheath, (e) asphalted jute, (f) steel tapes armouring and (g) PVC
or asphalted jute
current Imax, recovery voltage Vmax and switched kVA
Smax, the load current IL must fulfill the constraints (5)-(6)
at every timestep:∣∣∣−→IL2 +−−→Icirc∣∣∣ ≤ Imax, ∣∣∣ jX−→IL2 +−→V T ∣∣∣ ≤ Vmax (5)∣∣∣∣∣
−→
IL
2
+
−−→
Icirc
∣∣∣∣∣ ·
∣∣∣∣∣jX
−→
IL
2
+
−→
V T
∣∣∣∣∣ ≤ Smax (6)
When any of the above constraints is violated, the maximum
loading capacity is exceeded.
2) Cable thermal limits: Knowledge of the cable thermal
response is attained by the development of a thermal model
which considers the heat generated in the cable, as well as
the heat transfer capability of the cable and its surroundings.
More specifically, this model consists of thermal capaci-
tances and resistances formed by the constituent parts of the
cable itself and its surroundings. In the literature, various
thermal ladder networks have been reported, making the as-
sumption of equally-loaded conductors [23]–[27]. Regarding
that the phase loadings in real LV distribution lines are un-
balanced, one individual thermal network can be considered
for each conductor. However, this approach omits the thermal
interaction between the conductors rendering its application
difficult for LV cables. In addition, the investigated LV cable
consists of sector-shaped conductors as shown in Fig. 3 and
TABLE II
VALUES OF PROPERTIES FOR THE CABLE MATERIALS
Material
Heat capacity Density Thermal conductivity
[J] [kg/m3] [W/(m*K)]
Copper 385 8700 400
Paper 0.833x10−3 1200 0.1667
asphalted jute 1.8181x10−3 1100 0.1667
lead 130 11300 35
steel 466 7850 17
soil 800 1800 0.2857
Fig. 4. Investigated LV grid
the neutral conductor N has different cross-section from the
phase conductors (A, B and C). Although in [28], Simons
has proposed an empirical formula for the calculation of
the thermal resistance between sector-shaped conductors and
sheath, its main requirement is the same cross-section for
all the conductors. Such approximations and assumptions
lead to inaccuracies in the calculations and often force cable
engineers to use unnecessarily large safety factors and overly
conservative designs. In this paper, a finite-element method is
applied via the 2-D finite element software COMSOL Mul-
tiphysics for the calculation of the temperature distribution
over the cable. The system consists of the displayed cable
located in the centre of a square representing the soil. When
the temperature distribution over the cable is calculated, the
mean 10-minutes temperatures on the paper insulation of
the conductors are compared with the maximum permitted
insulation temperature. Any violation of this limitation result
in exceeding the maximum loading capacity of the cable.
More details about the geometry and the cable are given in
the next section.
IV. SIMULATIONS
At first, the necessary inputs and assumptions of the inve-
stigated grid are described, followed by the introduction of
the simulation outputs. The simulation results and conclu-
sions are analyzed at the end of the section.
A. Inputs and assumptions
A real Flemish LV urban grid was provided by the Belgian
utilities and serves as a basis for the following simulations.
As displayed in Fig. 4, the investigated LV grid comprises
39 households, whereof 10 are considered single-phase.
Each phase is linked to an individual annual load profile
with a step size of 10 min. The load profiles given by
the same utilities only provide active power consumption
per time step, hence, a random power factor distribution of
[0.85-1] was assumed [29]. Furthermore, profiles that exceed
the maximum permitted current per single-phase consumer,
63 A, are rejected. The remaining profiles are randomly
distributed among the households. As of April 2013, in
Flanders more than 99% of the approved applications for
DERs installations are related to PVs [30]. Since in this
TABLE III
THICKNESS OF THE CABLE LAYERS
Material Thickness [mm]
Paper insulation 0.7
Lead sheath 1.6
asphalted jute 2
steel armouring 1
outer serving 2
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Fig. 5. 10-minutes mean PV generation and household consumption
study, voltage unbalance issues are also investigated, only
single-phase PVs of 5 kVA are considered. Their rating was
selected according to the maximum permissible installed
peak power for single-phase SSEGs. In addition, these units
are connected to the same phase with the single-phase loads
and to random phase with the three-phase loads. Considering
the prohibition of reactive power delivery at LV grids, the
power factor of PVs is set to 1. This approach represents
a worst-case scenario for the network operation, therefore,
the diversity of PV systems is omitted (e.g shadowing
phenomena, various module tilt angles and orientation). The
measured solar radiation data were provided by HelioClim
over a period of one year (2005) in 15-min step sizes and
interpolated to 10-min average values. A 120-W reference
module was selected for the dc power generation assuming
a total efficiency of 85% for the additional equipment
(inverter, cables). Finally, the normalized ac power output
was reformed in order to represent a 5 kW PV unit. Fig. 5
displays the 10-minutes mean PV generation as well as the
average 10-minutes consumption of the used load profiles.
The distribution cables of this grid are underground and
the depth of burial is assumed to be 0.7 m under the soil
surface. Moreover, the effect of other nearby cables, gas
or water pipes is omitted. As for the cable that connects
the distribution cable with the household meter, its rating is
calculated taking into account the total installed household
capacity. When the consumer wants to increase this capacity,
the DSO inquires the need for its replacement. Consequently,
it is more crucial to investigate the thermal behaviour of the
distribution cable. As mentioned in the previous section, the
distribution cable is four-core, sector-shaped conductor with
cross-section 3x70 + 1x50 mm2 and maximum paper insula-
tion temperature equal to 80◦C. Table II and III illustrate the
values of properties for the cable materials and the thickness
of each layer respectively. The measured soil temperature
data were provided by the Belgian Meteorological Institute
(KMI) over a period of eight years in one-day mean values
TABLE IV
TECHNICAL CHARACTERISTICS OF THE EVALUATED OLTC [31]
Maximum number of operating positions 17
Step voltage per tap-change 1.8%
Maximum rated step voltage 600 V
Maximum rated through current 30 A
Maximum step capacity 9 kVA
Inductance of the preventive autotransformer
269 mH
(approximate value)
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Fig. 6. Soil temperature over the period of one-year
at 0.5 m depth for a place near to the investigated network.
Regarding issues of data representativeness, the one-day
mean measurements were averaged over the whole period
and used as reference temperature via the superposition of
the results. A crucial observation that Vidal concluded in
[32], and is shown in Fig. 6 as well, is the sinusoidal
variation of the soil temperature over the year.
Finally, the oil-type distribution transformer of 250 kVA
capacity is fitted with a reactor type OLTC, regulating the
upper voltage. Technical characteristics of the evaluated
device are given in Table IV.
According to [33], the load forecasts for the year 2020
indicate that in Flanders the actual load base can either
increase up to 103.78% or decrease till 96%. The set of
scenarios includes both possible changes, as well as the ac-
tual load base 100%. As for the PV units, they are randomly
located among the grid considering their penetration level.
In this paper, the penetration level of DER’s is expressed as
the percentage of the transformer capacity. Table V displays
the investigated scenarios of different PV penetration levels.
This set of scenarios is combined with the three load bases
(96%, 100% and 103.78%) resulting in 12 different cases
taking into account the initial scenario with 0% penetration
level.
B. Simulation outputs
For each scenario, the annual load flow is simulated via
the power systems analysis software DIgSILENT Power-
Factory and the OLTC incorporation is evaluated via a set
of variables. Considering the technical impacts described in
section III the study provides 4 main outputs related to power
quality:
1) Over-voltage indicator: 100th voltage percentile (maxi-
mum voltage, during 100% of the time), which is
compared with the over-voltage limit (110% Un).
2) Under-voltage indicator (1): 5th voltage percentile
representing the distance to the first under-voltage limit
(90% Un).
3) Under-voltage indicator (2): 0th voltage percentile
TABLE V
SPECIFICATION OF THE INVESTIGATED SCENARIOS
Penetration level Additional PV capacity Additional PVs
+20% 50 kWp 10
+30% 75 kWp 15
+40% 100 kWp 20
+50% 125 kWp 25
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Fig. 7. 100th voltage percentiles
(minimum voltage, during 100% of the time), which
is compared with the lowest voltage limit (85% Un).
4) VUF 95th percentile, which represents the distance to
the standard limit (2 %) during 95% of the time.
Apart from the above power quality outputs, the total
annual energy losses are calculated for each scenario. In
addition, the over-voltage indicator and under-voltage indi-
cator (2) of the simulations without the OLTC determine the
maximum number of operating positions for the OLTC. Con-
cerning the evaluation of the thermal models, five different
outputs are investigated during 100% of the time:
1) Top-oil temperature indicator: maximum 10-min top-
oil temperature, which can be considered as the dis-
tance to the top-oil temperature limit of the transformer
(120◦C).
2) Hottest-spot conductor temperature indicator: maxi-
mum 10-min hottest-spot conductor temperature, re-
presenting the distance to the highest transformer limit
(200◦C).
3) Short-time loading indicator: maximum 10-min load-
ing, which is compared with the maximum permitted
loading of the transformer (300%).
4) Loss of life indicator: maximum average daily loss
of transformer life, which can be considered as the
distance to the maximum value of 4%.
5) Paper insulation temperature indicator: maximum 10-
min temperature of paper insulation, which is com-
pared with the highest value of the cable (80◦C).
Finally, the violations of the OLTC constraints are con-
sidered based on the following three outputs during 100%
of the time:
1) Switched current through tap-changer: 10-min current
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Fig. 8. Dynamic response of the OLTC: (a) Phase-to-neutral voltage of
the node with over-voltage (b) Tap-changer response
through the tap-changer, which is compared with the
maximum limit (30 A).
2) Recovery voltage on the tap-changer: 10-min recovery
voltage of the tap-changer, which is compared with the
highest value (600 V).
3) Apparent power of the tap-changer: 10-min apparent
power of the tap changer, which is compared with the
maximum permitted power (9 kVA).
C. Simulation results
The results obtained from the simulations are of interest
so as to understand the OLTC operation, and clarify its
advantages and drawbacks for the LV distribution networks.
As shown in Fig. 7, for all the scenarios with 0% PVs
penetration level, the OLTC causes rise of the over-voltage
indicators because the tap-position increases in order to com-
pensate the load voltage drop. Moreover, the over-voltage
indicator does not exceed the statutory limit (110% Un) by
reason of the absense of generation. While connecting PVs in
the grid, the violations of the over-voltage indicator activate
the tap-position drop. Though the tap-changer decreases the
over-voltage indicator, it cannot stay below 110% in most
cases. Some reasons why this trend occurs are the finite
response time of both the tap-changer and the comparators
as well as the voltage measurement time from the remote
units. Fig. 8 displays one specific time interval when the
tap-position rise is activated due to an over-voltage violation
with a delay of 14,5 sec. As for the simultaneous under-
voltage and over-voltage violations, they never occur for the
investigated scenarios, so the tap-changer is activated when
it is mandatory.
Concerning the under-voltage indicators, Fig. 7 and Fig. 9
illustrate the 100th and 95th under-voltage percentiles, respe-
ctively. Even though they never exceed the statutory limits,
the tap-changer improves their values. As it can be observed
in the same figures, the improvement of indicator (2) is more
perceptible than of indicator (1). Besides, the contribution of
the OLTC is determinant for scenarios with 103.78% load
base, since the 100th under-voltage percentile approximates
its limit value (0.85 p.u).
The compliance with the power quality regulations also
depends on the voltage unbalances. From the simulation
results, it was concluded that the independent OLTC control
of every phase leads to voltage unbalance problems. For the
scenarios without PVs, the unbalances originate from the
random distribution of both the single-phase loads among
the phases and the various power profiles among the loads.
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Fig. 9. 95th voltage percentiles
Moreover, even though the uncoordinated connection of ad-
ditional PVs increases the 95th VUF percentile, the standard
limit is not exceeded without the OLTC application (Fig. 9).
On the contrary, when the OLTC is fitted to the transformer,
the 95th VUF percentile in most cases exceeds the maximum
permitted value (2%). As it was observed, the OLTC can
increase the negative sequence of the supply voltage, because
the controller considers only the magnitude of the phase-to-
neutral voltages.
The annual network losses are also affected by the OLTC
integration. From Fig. 10, it is noticeable that the OLTC
reduces network losses and this trend becomes more percep-
tible as the load base increases. This can be an additional
motivation for DSO’s to fit this device to the distribution
transformers in the future. However, the rise of the network
losses for the scenarios of 50% penetration level shows that
the OLTC can deteriorate this parameter under high DG
integration conditions.
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Fig. 10. Annual network losses
As for the thermal constraints of both the transformer and
the cable, no violations of the maximum top-oil, hottest-
spot conductor and paper insulation temperatures were noted.
In addition, as shown in Fig. 11, for the scenarios of 0%,
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Fig. 11. Maximum temperature differences for the investigated load base
levels fitting the OLTC: (a) Top-oil temperature (b) Hottest-spot conductor
temperature (c) Paper insulation temperature
20% and 30%, the maximum differences of the same outputs
(∆θ = θwithout−OLTC − θwith−OLTC) are negligible, when
fitting the tap-changer. While for the scenarios of 40%
the temperatures display a more distinct drop, they follow
different trend for the scenarios of 50%. More specifically,
the top-oil and hottest-spot temperatures decrease slightly,
unlike with the paper insulation temperature which increases
integrating the OLTC. Considering the network losses rise
for that scenario, the paper insulation temperature is expected
to increase.
Concerning the maximum short-time loading and average
loss of life for the transformer, no violations were indicated.
As it can be understood from Fig. 12, the maximum short-
time loading follows the same trend with the temperature
indicators of the transformer. Regarding the maximum ave-
rage loss of life, it is almost constant at 0.78% for all the
cases regardless from the presence of the tap-changer.
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Fig. 12. Maximum short-time loading of the transformer
Finally, from the evaluation of the outputs related to the
OLTC constraints, no violations were found (Fig. 13). Even
though the evaluated parameters increase while connecting
more PVs, they never exceed the mentioned limits.
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Fig. 13. OLTC parameters for the investigated load base levels: (a)
Maximum switched current through the tap-changer (b) Maximum recovery
voltage (c) Maximum step capacity
V. CONCLUSIONS
This paper assesses a proposed voltage control method
for the OLTC via a set of technical parameters related to
the power quality and the thermal models of the grid com-
ponents. It is shown that this technique can partly improve
the over-voltage and the under-voltage indicators due to the
discrete time response of the appliances. Furthermore, the
individual OLTC control of every phase deteriorates the
voltage unbalances in the grid. As for the annual network
losses and the paper insulation temperature of the cables,
the OLTC integration decreases them slightly, however, they
can increase under high DER penetration levels. On the
other hand, the temperature indicators of the transformer
display a distinct drop only under the above conditions.
While the maximum short-time loading follows the same
trend with the temperature indicators, the maximum average
loss of life seems to be unaffected by the presence of the
tap-changer. In future work, the proposed voltage control
algorithm will be combined with the operation of additional
ANM technologies which aim to solve the above identified
issues.
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